Introduction
The Ras proteins are important signaling molecules that regulate various cellular processes including growth, dierentiation, survival, and senescence (Downward, 1998; Kauman-Zeh et al., 1997; Khwaja et al., 1997; Lin et al., 1998; Lowy et al., 1993; Zhu et al., 1998) . In response to external stimuli such as growth factors, Ras activates multiple downstream eectors that initiate signaling cascades via activation of protein kinases (Lowy et al., 1993; White et al., 1995) . Oncogenic mutations in ras have been linked to many types of human cancer (Kiaris and Spandidos, 1995) . These mutations lock Ras proteins into a permanently activated state leading to constitutive stimulation of downstream signaling pathways. In turn, these pathways modulate the activities of transcription factors that regulate numerous genes responsible for cell transformation and tumorigenesis (Barbacid, 1987; Treisman, 1994) . Consistent with this notion, members of the AP-1 and Ets transcription factor families have been shown to be required for cell transformation and tumorigenicity mediated by oncogenic Ras protein (Johnson et al., 1996; Langer et al., 1992. NF-kB was originally identi®ed as one of the nuclear factors that bind to immunoglobin k light chain enhancer sequence (Sen and Baltimore, 1986) . Subsequent cloning of the genes encoding these factors revealed a family of transcription factors with a wellconserved Rel homology domain. This domain is important for DNA binding, dimerization, and nuclear localization Verma et al., 1995) . In most cell types, NF-kB is stored in the cytoplasm by speci®c inhibitors, IkBs, which bind to NF-kB and mask its nuclear localization sequence Verma et al., 1995) . Upon stimulation by cytokines such as TNF-a and IL-1, IkBs become rapidly phosphorylated which triggers ubiquitination-mediated proteolysis of the inhibitors, resulting in nuclear translocation and activation of NF-kB Verma et al., 1995; Baeurle and Baltimore, 1996) .
Recently, it was reported that ectopic expression of a super-repressor form of IkBa attenuates Ras-induced focus formation, suggesting that NF-kB activity contributes to Ras-induced cellular transformation (Finco et al., 1997) . In addition, it has been shown that NF-kB activity is required for the protection of oncogenic Ras-induced cell death, providing a potential mechanism which explains how NF-kB contributes to Ras-induced cellular transformation (Mayo et al., 1997) .
Here, using a retroviral gene transfer system, we evaluated the functional relationship between H-Ras and NF-kB activity during cell transformation. In reciprocal experiments where either oncogenic H-ras or a super-repressor of NF-kB was ®rst introduced into the rat embryo ®broblasts, we found that NF-kB was essential for abnormal cell proliferation and tumorigenesis activated by mutant Ras. Moreover, blocking NF-kB activity in Ras transformed cells failed to induce cell death, but rather rendered the cell with a retarded growth rate. These ®ndings were further substantiated in a set of experiments with rat intestinal epithelial cells in which Ras promotes cell survival. Inactivation of NF-kB in these cells led to growth suppression rather than cell death upon HRas induction. These results provide an alternative functional role for NF-kB in Ras-mediated cell transformation that is distinct from its anti-apoptotic activity.
Results

Differential effect of NF-kB inhibition on normal and H-Ras transformed cells
To determine whether NF-kB activation is necessary for oncogenic H-Ras-mediated cell transformation, the N-terminal FLAG-tagged wild-type or a super-repressor form of human IkBa, DN-IkBa, was introduced into Rat-1 and its H-Ras transformed derivative, Rat-1(Ras) cell lines (Liang et al., 1994) , by a retroviral gene delivery system (Johnson et al., 1996) . DN-IkBa lacks the N-terminal 36 amino acids encompassing two serine residues (S32, 36) required for signal-induced phosphorylation and degradation of this inhibitor (Brockman et al., 1995) . Five days following viral infection and drug selection, pools of infected cells were counted. In comparison with pBabe vector control, both wild-type and DN-IkBa expressing viruses led to a signi®cant reduction in cell number, 44 and 70%, respectively, when infected into transformed Rat-1(Ras) cells (Figure 1a) . In contrast, all three viral stocks gave similar numbers of infected cells for the parental Rat-1 cells. Expression of human IkBa and DN-IkBa protein in pools of infected cells was con®rmed by Western blot and immunoprecipitation with the agarose-conjugated anti-FLAG antibody followed by Western blot analysis using C-terminal speci®c IkBa antibody (Figure 1b) .
Inactivation of NF-kB leads to growth inhibition and reduced tumorigenic potential of H-Ras transformed Rat-1 fibroblasts
The dierential eect of DN-IkBa expression in parental and H-Ras transformed Rat-1 cells suggests that NF-kB activity may be required for either the abnormal cell proliferation or survival of the transformed cells. To further dierentiate between these two possibilities, we compared the growth rate and tumorigenicity of pooled DN-IkBa retrovirus infected Rat-1(Ras) cells with that of control cells infected with an empty virus. Surprisingly, no signi®cant dierence was observed between two pools of cells (Table 1 and data not shown). One speculation was that the apparent discrepancy between the viral infection ( Figure 1a ) and the growth property of infected cells grown up in culture might be due to the heterogeneity in the level of DN-IkBa expression in infected cells. If inhibtion of NF-kB activity is growth inhibitory or apoptotic to H-Ras transformed cells, one would expect that the infected cells with a low level of expression of DN-IkBa, thus incomplete inhibition of NF-kB, should have a signi®cant growth advantage over those with a higher level of expression. The former would be preferentially selected over time in culture, resulting in a population of cells no dierent from the control cells. To determine the validity of this hypothesis, it was necessary to isolate clonally puri®ed cells expressing high level of DN-IkBa, thus more ecient blocking NF-kB activity. Such analysis from earlier pools of Rat-1(Ras) cells infected with DN-IkBa virus indeed allowed the isolation of two types of clonally puri®ed cell lines, one with a low level of DNIkBa expression, designated as RR/DN-IkBa-L, the (Table 1) . These results suggest that NF-kB activiy is required for the abnormal proliferation of H-Ras transformed cells, which contributes to tumorigenic potential of these cells. Gel mobility shift assay revealed that TNF-ainduced nuclear translocation of NF-kB was blocked in RR/DN-IkBa-H cells ( Figure 3a ). In addition, consistent with recent observations that NF-kB activity is required for TNF-a-induced cell death in various cell types (Antwerp et al., 1996; Beg and Baltimore, 1996; Liu et al., 1996; Wang et al., 1996) , TNF-a treatment in RR/DN-IkBa-H cells led to a massive cell death within 18 h, whereas parental Rat-1(Ras) and RR/DNIkBa-L cells were little aected ( Figure 3b ). The genomic DNA isolated from RR/DN-IkBa-H cells after TNF-a treatment also exhibited a characteristic DNA fragmentation and corresponding cytoplasmic extract was shown to be capable of activating procaspase-3 ( Figure 3c ). These results con®rmed that NFkB was functionally inactivated in RR/DN-IkBa-H cells.
NF-kB inactivation leads to growth suppression in rat intestinal epithelial cells in which Ras promotes cell survival instead of apoptosis
To further determine if NF-kB activity is required for Ras-induced abnormal cell growth, we utilized rat intestinal epithelial (RIE) (Ko et al., 1995) cells containing an IPTG inducible oncogenic H-Ras. Induction of oncogenic H-Ras in RIE(iRas) cells led to a marked increase in NF-kB transcriptional activity with concomitant increase in cell growth rate over that of non-induced counterpart (Figure 4a ,b). However, oncogenic H-Ras-induced abnormal cell growth was largely abolished in RIE(iRas)/DN-IkBa cells ( Figure  4b ). Expression levels of endogenous Ras and oncogenic H-Ras proteins were shown to be similar in both cells, ruling out the possibility that the resulting dierence was caused by variations in level of H-Ras protein induction (Figure 4b ). In contrast to a previous report (Mayo et al., 1997) , induction of oncogenic HRas protein had little eect on cell viability of RIE(iRas)/DN-IkBa cells. Moreover, consistent with the ®ndings that Ras promotes cell survival rather than cell death in epithelial cells (Cardone et al., 1998; Downward, 1998; Kauman-Zeh et al., 1997; Khwaja et al., 1997; Romashkova and Makarov, 1999) , H-Ras induction signi®cantly prevented cell death of RIE(iRas)/DN-IkBa cells upon TNF-a treatment as determined by colonigenic assay (Figure 4c ). These observations suggest that reduction in cell number of RIE(iRas)/DN-IkBa cells over that of control cells upon Ras induction is due to growth suppression rather than increased cell death.
NF-kB is not required for normal cell growth, but is essential for cell transformation by oncogenic Ras
In contrast to its Ras transformed counterpart, nontransformed Rat-1 ®broblasts were little aected by ectopic expression of wild-type or DN-IkBa ( Figure  1a ). To con®rm this ®nding, we isolated Rat-1 clones expressing high level of DN-IkBa, designated as Rat-1/ DN-IkBa-H cells. These cells were capable of blocking the nuclear translocation of NF-kB upon TNF-a treatment but exhibited little dierence in growth rate compared to parental Rat-1 and Rat-1/pBabe cells (Figure 5a,b) . This result suggests that NF-kB activity is not required for normal cell proliferation, which is consistent with the observation that NF-kB is inactivated in most cell types Verma et al., 1995) . Thus, assuming that NF-kB activity is critical for Ras-mediated cell transformation, nontransformed cells with an impaired NF-kB activity should be resistant to subsequent cell transformation by oncogenic Ras. The availability of such cell lines, Rat-1/DN-IkBa-H, enabled us to perform such a reciprocal experiment, which can directly test this hypothesis. To this end, Rat-1, Rat-1/pBabe, and 
Discussion
In this study, we have demonstrated that inhibition of NF-kB by overexpression of a super-repressor form of IkBa blocks several major phenotypic changes associated with H-ras oncogene-mediated cell transformation including cell growth rate, saturation density, and tumorigenicity. In contrast, a similar inhibition of NFkB in either non-transformed cells or cells with an inducible H-Ras had little eect on their growth, but renders them resistant to a subsequent cell transformation by H-ras oncogene expression. These results suggest that NF-kB activity is not necessary for normal cell growth, but required for Ras-activated abnormal cell proliferation, which contributes to Ras-mediated cell transformation. Earlier studies suggest that NF-kB activation may contribute to cell transformation and tumorigenicity of Ras transformed cells by regulating the expression of genes encoding cell adhesion molecules and by inhibiting transformation-associated cell death (Mayo et al., 1997; Higgins et al., 1993) . It has been demonstrated that p65 antisense oligonucleotide inhibited growth and tumorigenicity of variously transformed cell lines including Ras transformed 3T3 cell, presumably by inhibiting cell adhesion processes Narayanan et al., 1993) . Since a number of cell adhesion genes have been shown to contain consensus NF-kB binding sites (Ahmad et al., 1995; Ledebur and Parks, 1995; Lewis et al., 1994; Takeuchi and Baichwal, 1995) and cell adhesion molecules play important roles in tumorigenesis and metastasis, inhibition of gene expression of these molecules appears to partly contribute to anti-tumorigenic activity of this oligonucleotide. However, it is not known which of these cell adhesion molecules were aected. In addition, this treatment also resulted in similar eects on immortalized ®broblasts including Rat-1 cell, suggesting that the observed anti-tumori- genic eect of p65 oligonucleotide might not be speci®c for transformed cells. Moreover, we found no apparent defects in cell adhesion processes in Rat-1(Ras) cells with an impaired NF-kB activity and growth property of Rat-1 cell was not aected by NF-kB inhibition. A similar result has been reported in other cell types (Bargou et al., 1997) . One possibility of this discrepancy might be that antisense oligonucleotide targets at p65 subunit whereas IkBa inhibits multiple subunits of NF-kB family proteins. Dierent subunits of NF-kB family proteins may play dierent roles in regulating genes encoding cell adhesion molecules .
Oncogenic transformation of the cell leads to an increased susceptibility to apoptotic stimuli. It has been shown that inhibition of RNA polymerase II resulted in apoptosis in oncogenically transformed cells, but growth arrest in non-transformed cells. It was suggested that oncogenic proteins, by modulating the activity of downstream transcription factors, may activate a set of genes which inhibit transformationassociated apoptosis (Koumenis and Giaccia, 1997) . NF-kB has been shown to play an important role in protection from cell death, presumably by regulating the expression of anti-apoptotic genes (Antwerp et al., 1996; Beg et al., 1996; Liu et al., 1996; Wang et al., 1996; Chu et al., 1997; Yamit-Hezi and Dikstein, 1998; You et al., 1997) . In light of these observations, it has been reported that Ras activates NF-kB to prevent transformation-mediated cell death and this antiapoptotic activity of NF-kB may be important for Ras-mediated cell transformation and tumorigenesis (Mayo et al., 1997) . However, several lines of evidence in this study also suggest an alternative possibility. First, it was observed that inhibition of NF-kB activity led to a decrease in growth rate for Ras transformed cells, but had little eect on non-transformed parental cells. Second, the Ras transformed cell lines with NFkB activity blocked could be obtained and these cell lines exhibited no obvious spontaneous cell death, but underwent rapid apoptosis in response to TNF-a treatment. Third, inactivation of NF-kB activity in cells where Ras promotes cell survival rather than cell death led to inhibition of Ras-induced abnormal cell growth. Taken together, these results suggest that the activation of NF-kB is required for the abnormal cell proliferation induced by oncogenic Ras. However, it is possible that the discrepancy between the ®nding of this study and that of the previous report (Mayo et al., 1997) could be due to the dierences in the level of super-repressor IkBa expression. It is conceivable that dierences in inhibitor expression level may result in the inhibition of dierent members of NF-kB family members which could function downstream of oncogenic Ras as either a growth promoter or death protector. Alternatively, since Ras proteins can activate multiple downstream eectors (Vojtek and Der, 1998) , the dierences in Ras signaling intensity could be attributed to this discrepancy.
NF-kB has been implicated in growth control . It has been shown that inactivation of NF-kB led to an impaired cell proliferation of transformed cells, indicating that NF-kB play roles in abnormal cell proliferation during tumorigenesis (Bargou et al., 1997; Kaltschmidt et al., 1999) . It has been reported that Ras transformation results in cyclin D1 expression which accelerates G1 progression of NIH3T3 cells (Liu et al., 1995) . More recent studies showed that cyclin D1 is transcriptionally regulated by NF-kB (Guttridge et al., 1999; Hinz et al., 1999; Joyce et al., 1999) . Thus, it might be possible that Ras activates NF-kB to elevate cyclin D1 level, which then lead to an accelerated cell cycle progression of Ras transformed cells. However, since p21 waf/cip CDK inhibitor is also elevated by oncogenic Ras (Lin et al., 1998; Zhu et al., 1998) , the overall growth control by Ras appears to be more complicated (Downward, 1997) . In fact, the initial analysis of cell cycle regulatory proteins in RR/DN-IkBa-H cells revealed that both cyclin D1 and p21 waf/cip were elevated compared to RR-pBabe cells (unpublished observations). One possible explanation for this observation might be that the elevated level of cyclin D1 and p21 waf/ cip is due to cell cycle arrest in these cells. It would be interesting to determine which stage of cell cycle was aected in these cells.
In summary, this study suggests a new role for NFkB in Ras-mediated cell transformation which is distinct from its anti-apoptotic activity. Further characterizations of Ras transformed cells with an 4 cells of Rat-1, Rat-1/pBabe, and Rat-1/DNIkBa-H cells were plated in 60 mm culture plates and cell numbers were counted every day. The data represent an average of duplicate plates of each cell type impaired NF-kB activity would provide new insights into the role of NF-kB in tumorigenesis.
Materials and methods
Cell culture
All cell lines were maintained in Dulbecco's modi®ed Eagle medium (Life Technologies, Inc., Grand Island, NY, USA) containing 10% bovine calf serum (HyClone, Logan, UT, USA) and 1% penicillin-streptomycin (Life Technologies, Inc., Grand Island, NY, USA) at 378C with 10% CO 2 .
Construction of retroviral vectors and cell transfection
Recombinant retroviral vectors directing expression of Nterminal FLAG-tagged human IkBa or DN-IkBa were provided by Dr C Aiken (Department of microbiology and immunology, Vanderbilt University). Coding regions were cloned into BamHI and SalI sites of pBabe(puro) vector. A cDNA fragment encoding human H-Ras(V12) was ampli®ed by PCR and cloned into pCR-TRAP vector (GenHunter, Nashville, TN, USA) then BglII fragment was excised and cloned into a BamHI digested pBabe(hyg) retroviral vector. Recombinant retroviral constructs were transfected into C2 packaging cell line by standard calcium phosphate precipitation method. After selection for antibiotics resistance, 3 days for puromycin (2 mg/ml) and 5 days for hygromycin B (300 mg/ml), cells were pooled and propagated. Approximately 1610 7 cells of these viral producers were seeded onto a 150 mm culture plate and were grown for 24 ± 30 h in the absence of antibiotics. The virus-containing medium was harvested and ®ltered through 0.22 mm ®lter membrane (Costar, Costar Corp., MA, USA). The resulting medium was used directly or stored at 7808C until use.
Retroviral infection and cell growth measurement
The target cells were seeded in duplicate at a density of 1.5610 4 cells in each well of six-well tissue culture dishes and were grown for 24 h before infection. Cells were infected by incubating for 6 h with 2 ± 4 ml of the virus-containing medium in the presence of 8 mg/ml polybrene (Sigma). An equal volume of fresh medium was then added to dilute polybrene to 4 mg/ml and incubated for 12 ± 18 h. Cells were washed twice with PBS and were grown in the fresh medium for additional 24 h. The infected cells were then trypsinized and selected for antibiotics resistance in 100 mm culture plates along with uninfected control cells. After incubation for 3 days in puromycin (5 mg/ml) and 5 days in hygromycin (400 mg/ml) containing medium, the infected cells were washed twice in PBS and cell numbers were counted. Under these conditions, the uninfected control cells were completely eliminated. For cell growth rate measurement, each cell line was seeded in duplicate in six-well tissue culture dishes (1.0610 4 cells/well). Cell numbers were counted every day or every other day. For Giemsa staining, cells were washed three times in PBS and were ®xed for 30 min in methanol:acetic acid (3 : 1 solution). After washing in PBS, cells were stained for 30 min in 0.15% Giemsa stain (Sigma) and 10% Glycerol. The cells were then washed in water for three times and photographed after drying.
Immunoprecipitation and Western blot analysis
Total cellular proteins were prepared from exponentially growing cells in a lysis buer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.5% NP-40) supplemented with 1 mM PMSF and protease inhibitor cocktails (Boehringer Mannheim). For Western blot analysis, 10 ± 20 mg of proteins were analysed for each sample on a 12 ± 15% of SDS ± PAGE. For immunoprecipitation, total cellular proteins were incubated for 2 h at 48C with the agarose-conjugated anti-FLAG (M2) beads. Immune complexes were washed three times in lysis buer containing 0.1% of SDS at room temperature prior to SDS ± PAGE. Immunoblottings were carried out using the ECL kit from Amersham according to manufacturer's instruction. IkBa antibody (C-20) was purchased from Santa Cruz Biotechnologies, Inc. (Santa Cruz, CA, USA), Ras antibody (Ab-3) was from Oncogene Science, and anti-FLAG M2 anity gel from Kodak.
Electrophoretic mobility shift assay, luciferase reporter assay, and apoptosis analysis Preparation of nuclear extracts and gel mobility assay were carried out as previously described (Brockman et al., 1995; Schreiber et al., 1989) . a 32 P-dATP-labeled double stranded NF-kB consensus oligonucleotides, 5'-CAACGGCAGGG-GAATTCCCCTCTCCTT-3' (Brockman et al., 1995) was incubated with 7 mg of nuclear extract. For luciferase reporter assay, 7610 6 cells were plated in 65 mm culture plate 24 h prior to transfection. NF-kB-dependent luciferase reporter plasmid along with pCMV-b-galactosidase plasmid were transfected using Fugene-6 according to manufacturer's instruction (Boehringer Mannheim). Twenty-four hours after transfection, cells were trypsinized and equal numbers of cells were plated onto 6 well culture plates. IPTG was added 24 h after re-plating and cells were harvested at indicated time periods for luciferase assay. For colonigenic assay, 200 cells were plated in quadruplicate onto 6 well plate. After 24 h, IPTG (1 mM ®nal) was added for 10 h, then washed twice with medium. Cells were treated with TNF-a (25 Zg/ml) for 24 h and were cultured for 5 days and colony numbers were counted after staining with Giemsa. The analysis of apoptotic DNA fragmentation and pro-caspase activation assay were performed essentially as described previously (Liu et al., 1996) . A plasmid expressing caspase-3 was provided by Xiaodong Wang (University of Texas Southwestern Medical School, TX, USA).
Tumorigenicity assay
NIH nu/nu mice, 6 ± 8 week old males, were purchased from Toconic. 4610 5 cells in PBS from each cell line were injected subcutaneously into the left or right hips of the nude mice. Tumor development was scored 3 weeks thereafter when HRas transformed cells invariably formed tumors ranging from 1 ± 3 cm in diameter.
